Steam turbine for the main feed water pump (MFP) drive is a low power turbine, for which energy power losses and energy efficiency analysis are presented in this paper. The MFP steam turbine analysis has been performed within a wide range of turbine loads. The influence of steam specific entropy increment of the real (polytropic) steam expansion upon the MFP turbine energy power losses and energy efficiency has been investigated. During all the observed loads MFP steam turbine energy power losses were in the range between 346.2 kW and 411.4 kW. The MFP steam turbine energy power losses and energy efficiency were most significantly influenced by the steam specific entropy increment. Change in the steam specific entropy increment is directly proportional to the change in MFP turbine energy power losses, while the change in the steam specific entropy increment is reversely proportional to the MFP turbine energy efficiency change. For the observed turbine loads, the MFP steam turbine energy efficiency was in the range between 46.83% and 51.01%.
Introduction
Steam propulsion plants can be found nowadays in most LNG carriers [1] . A steam propulsion plant consists of a series of components [2] . One of them is the low power steam turbine for the Main Feed Water Pump (MFP) drive. The MFP steam turbine has been analyzed in this paper from the aspect of energy, for a number of propulsion system loads.
The MFP low power steam turbine has a single Curtis stage. Steam turbines with Curtis and other known stages along with their complete analysis can be found in literature [3] and [4] . Many details of both classic and special designs of marine steam turbines and their auxiliary systems are presented in [5] and [6] .
The MFP steam turbine analysis objective is to determine the specific entropy increment change during steam expansion from the real ship exploitation under different steam turbine loads. Growth of the steam specific entropy increment usually indicates increased steam turbine energy power losses, although this does not have to be the rule. This analysis dealt with the influence of the steam specific entropy increment change on MFP steam turbine energy power losses and energy efficiency change, at each observed operating point.
Steam turbine energy analysis

Energy analysis -general equations
Energy analysis is based on the first law of thermodynamics [7] . Mass and energy balance equations for a standard volume in steady state can be expressed according to [8] as:
(1) (2) Energy power of a flow can be calculated according to the equation [9] :
Energy efficiency can be calculated according to [10] as:
MFP steam turbine energy efficiency and energy power losses
Low power steam turbine, which drives the main feed water pump, is traditionally used in LNG carriers with steam propulsion. The main feed water pump (MFP) is used for increasing water pressure and returning it to steam generators. The analyzed MFP steam turbine consists of one Curtis stage, while the whole unit has the following characteristics [11] :
-Pump delivery height: 818 m -Pump maximum capacity: 175 m 3 /h -Steam turbine maximum power: 570 kW Figure 1 presents the steam mass flow through the MFP steam turbine along with specific enthalpy and specific entropy at the steam turbine inlet and outlet. An important operating parameter measured for every load, which will be used to calculate the real developed power of the MFP steam turbine, is the main feed water pump volume flow (capacity) also presented in Figure 1 .
Figure 1 -Change in main operating parameters through the MFP steam turbine and main feed water pump
The MFP steam turbine real developed power was approximated against the main feed water pump volume flow by using third degree polynomial (5), according to producer specifications [11] . The main feed water pump volume flow in relation to the MFP steam turbine real developed power was calculated for medium water density ρ fw = 937.48 kg/m 3 at water temperature of T fw = 127 °C, according to producer recommendations, Figure 2 . The MFP steam turbine real developed power was calculated as: (5) where P MFP,RE is obtained in (kW) when is inserted in the equation (5) The steam mass flow through the MFP steam turbine was approximated with the main feed water pump real power demand P MFP,RE , Figure 3 Approximation was made according to producer specifications [11] by using third degree polynomial: (6) where is obtained in kg/h when P MFP,RE in (kW) is placed in the equation (6) . [11] Energy Power Losses... Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak
As there was no leakage recorded in the analyzed MFP steam turbine, the steam mass flow balance for the MFP turbine inlet and outlet was:
According to Figure 1 and Figure 4 , h 1 is the steam specific enthalpy at the turbine inlet and h 2 is the steam specific enthalpy at the turbine outlet after real (polytropic) expansion. The steam specific enthalpy at the turbine inlet h 1 as well as the steam specific entropy at the turbine inlet s 1 was calculated from the measured steam pressure and temperature at the turbine inlet. The steam real specific enthalpy at the turbine outlet h 2 was calculated from the real MFP turbine developed power P MFP,RE in (kW) and from the steam mass flow in (kg/s) according to [12] by equation:
The steam real specific entropy at the turbine outlet s 2 was calculated from the steam real specific enthalpy at the turbine outlet h 2 and measured pressure at the turbine outlet p 2 .
Specific enthalpy after isentropic steam expansion h 2S was calculated from the measured steam pressure at the turbine outlet p 2 and from the known steam specific entropy at the turbine inlet s 1 . The ideal isentropic expansion assumes no change in the steam specific entropy (s 1 = s 2S ), Figure 4 .
The steam specific enthalpy at the turbine inlet h 1 , steam specific enthalpy at the end of the isentropic expansion h 2S and both steam specific entropies (at the turbine inlet s 1 and outlet s 2 ) were calculated by using NIST REFPROP 8.0 software [13] .
In order for a proper description of MFP steam turbine energy power losses, the real turbine developed power and isentropic power must be known, which can be developed in the ideal situation (where change in the steam specific entropy does not occur). The isentropic MFP steam turbine power, according to Figure 4 , is to be calculated as: (9) MFP steam turbine energy power losses can be calculated by using the following equation: (10) Energy Power Losses... Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak
Figure 4 -The MFP steam turbine real (polytropic) and ideal (isentropic) expansion
Energy efficiency of the MFP steam turbine can be calculated according to [14] by using the equation: (11) 
The MFP steam turbine measuring equipment and measurement results
Measurement results for required operating parameters for the MFP steam turbine are presented in relation to the propulsion propeller speed, Table 1 . The propulsion propeller speed is directly proportional to the MFP steam turbine load, i.e. a higher propulsion propeller speed denotes a higher steam turbine load.
Energy Power Losses... Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak Measurement results were obtained from the existing measuring equipment mounted at the MFP steam turbine inlet and outlet and at the main feed water pump inlet. The list of measuring equipment used was presented in Table 2 . The analysis was carried out using the steam pressure and temperature at the MFP turbine inlet, before governing valves. Before coming to the first turbine stage, the steam passes through a set of governing valves positioned in the turbine steam chest. The governing valves operating principle is to reduce steam pressure and temperature while the steam specific enthalpy remains constant. Governing valves operation is most intense at low steam turbine loads.
The MFP steam turbine belonging to the analyzed LNG carrier is not provided with the required measuring equipment in the steam chest (to obtain precise steam operating parameters) and therefore the analysis was carried out with a steam pressure and temperature at the steam chest inlet. The only data available for steam temperature and pressure for the analyzed turbine steam chest, for several turbine loads, were found by the authors in producer specifications during turbine testing [11] . These data have not been included in the presented analysis because they were not measured during any actual exploitation of the LNG carrier propulsion plant and may significantly depart from real exploitation data.
According to producer test data, an analysis of the impact the steam chest pressure and temperature change produce upon the calculated operating parameters was carried out. Change in the steam chest pressure and temperature influenced the turbine energy efficiency and specific entropy values up to 5% on the average for all turbine operating points observed.
Significant differences (up to 20% on the average) can only be expected in turbine energy power loss values. Small changes in the steam specific enthalpy at the turbine outlet multiplied by the steam mass flow, equation (10), is the main reason for these significant differences.
MFP steam turbine energy analysis results with the discussion
The steam specific entropy difference (increment) between the inlet and outlet of the MFP steam turbine is presented in Figure 5 for all the observed steam turbine loads. While the steam specific entropy at the MFP steam turbine inlet for lowest loads amounts approximately to 6.8 kJ/kg·K, at the propulsion propeller speed of 56.65 rpm it is increased to 6.9 kJ/kg·K and keeps approximately the same value until the highest observed loads are involved. The steam specific entropy at the MFP turbine outlet records much more intense changes during the whole range of loads observed, Figure  5 , and therefore the steam specific entropy increment will be most influenced by the steam specific entropy at the MFP turbine outlet.
As presented in Figure 5 , the MFP steam turbine steam specific entropy increment change does not show any continuous trend following the increase in the steam system load. The lowest values of the steam specific entropy increment (0.82 kJ/kg·K) can be noticed at propulsion propeller speeds of 56.65 rpm and 82.88 rpm while the highest value of steam specific entropy increment is 0.91 kJ/kg·K at 71.03 rpm.
Increase in the steam specific entropy increment usually indicates an increase in the system energy power losses in a large number of different systems [14] . This analysis will investigate whether the same conclusion applies for the MFP steam turbine.
Energy Power Losses... Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak Figure 6 presents the MFP turbine (MFPT) isentropic and real power change. The isentropic MFP turbine power can theoretically be developed by using real operating parameters, yet without any losses (with no change in the steam specific entropy, according to Figure 4 ). The MFP turbine real power is the one developed according to real operating parameters measured in the propulsion system during navigation.
Figure 5 -Steam specific entropy change at the MFP steam turbine inlet and outlet along with specific entropy difference (increment) between inlet and outlet
The MFP turbine real power was calculated according to equation (5) while the isentropic power was calculated according to equation (9) . Within the whole range of propulsion propeller speeds observed, the isentropic MFP steam turbine power varied from 675.2 kW up to 803.8 kW, while in the same load range the real MFP turbine power varied from 329 kW up to 410 kW. The maximum real power of the MFP steam turbine according to producer specifications is 570 kW. The ideal (isentropic) steam expansion for the observed steam turbine loads results in power values exceeding the maximum real power that can be developed.
The real MFP turbine power depends on the current feed water volume flow through the main pump. As can be seen in Figure 6 , an increase in the steam system load (increase in the propulsion propeller speed) will result in an increase in the feed water volume flow through the main pump and further in an increase in the real MFP turbine power. Trend lines of the real and isentropic MFP turbine developed power must be the same, as presented in Figure 6 .
The difference in the isentropic and real MFP steam turbine power represents energy power losses of the real MFP turbine steam expansion process as compared with the ideal one. Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak An increase in the steam specific entropy increment reduces the available steam specific enthalpy difference which will be used in steam turbine. As a result, an increase in the steam specific entropy increment will cause a decrease in the real developed steam turbine power.
As can be seen in Figure 5 and Figure 7 , the change in MFP steam turbine specific entropy increment has the most significant influence on the change in the MFP steam turbine energy power losses. When each two propulsion propeller speeds are compared, the change in the steam specific entropy increment results directly proportional to the change in the MFP steam turbine energy power losses. During the increase in the steam specific entropy increment, the MFP steam turbine energy power losses are also increased and vice versa for all observed propulsion propeller speeds except 41.78 rpm and 56.65 rpm.
At the propulsion propeller speed of 41.78 rpm, the steam specific entropy increment amounts to 0.85 kJ/kg·K to decrease thereafter to 0.82 kJ/kg·K at 56.65 rpm, Figure 5 . At the same time, the MFP steam turbine energy power losses increase, Figure 7 . The reason why the MFP turbine energy power losses increase, regardless of the decrease in the steam specific entropy increment, is the feed water volume flow increase from 75.08 m 3 /h (41.78 rpm) to 84.48 m 3 /h (56.65 rpm), Table 1 . The change in the feed water volume flow is also directly proportional to the change in the MFP steam turbine energy power losses. The increase in the feed water volume flow increases the MFP steam turbine energy power losses and vice versa.
It can be concluded that the most significant influence on the MFP steam turbine energy power losses is produced by the steam specific entropy increment and in some situations, between some propulsion propeller speeds, the dominant influence on the change in the MFP steam turbine energy power losses can be produced by a feed water Energy Power Losses... Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak volume flow sensible change as well. Steam specific entropy increment can be used as an essential parameter for the evaluation of the MFP steam turbine energy efficiency change. The steam specific entropy increment change is reversely proportional to the MFP steam turbine energy efficiency change for all observed steam system loads. During the increase in the steam specific entropy increment, the MFP turbine energy efficiency decreases and during the decrease in the steam specific entropy increment, the MFP turbine energy efficiency increases, Figure 5 and Figure 8 . 
Conclusions
An analysis of energy efficiency and energy power losses for low power steam turbine, in a wide range of turbine loads, has been presented in this paper. The analysis dealt with the influence of the steam specific entropy increment produced in the real (polytropic) expansion process upon energy power losses and energy efficiency of the MFP steam turbine.
The MFP steam turbine energy power losses were calculated as a difference between the steam turbine real developed power (polytropic steam expansion) and the power which can develop in an ideal situation without any specific entropy increment (isentropic steam expansion). The MFP turbine energy power losses, for the loads observed, were in the range from 346.2 kW to 411.4 kW. The most significant influence on the MFP steam turbine energy power losses is produced by the steam specific entropy increment. It was shown in several cases, between some of the MFP steam turbine loads, that the dominant influence on the change in the turbine energy power losses can also be produced by a sensible change in the feed water volume flow. Change in the steam specific entropy increment and change in the feed water volume flow are directly proportional to the change in the MFP steam turbine energy power losses.
Change in the steam specific entropy increment can also be used to estimate the change in the MFP steam turbine energy efficiency. The steam specific entropy increment change is reversely proportional to the MFP steam turbine energy efficiency change. Increase in the steam specific entropy increment resulted in a decrease in the MFP turbine energy efficiency and vice versa. The presented conclusion is valid for the complete steam system load range observed. The MFP steam turbine energy efficiency Energy Power Losses... Vedran Mrzljak, Jasna Prpić-Oršić, Igor Poljak ranges from 46.83 % to 51.01 %, that represents an expected range of energy efficiency for the analyzed low power steam turbine.
